The concept that adipocytes belong to an essential endocrine system with some characteristics of immune cells has recently emerged. The aim of this paper is to present evidence of the expression of CD4, CXCR4, and CCR5 receptors by human adipocytes and to test whether adipose cells support HIV entry. Primary human preadipocytes were cultured and differentiated in vitro. Expression of the three receptors on preadipocytes and adipocytes was demonstrated by reverse transcriptase-polymerase chain reaction, immunocytochemical, and immunohistochemical analysis. Infection of adipose cells to HIV-1 was then investigated. The measurement of the viral p24 antigen in preadipocyte culture medium showed an increase of p24 levels between 24 and 72 h postexposure and then a progressive decrease to reach a low level at 10-15 days. Ten days after the infection test, supernatant of preadipocytes contained infectious particles able to infect the susceptible T-CD4 CEM cell line. The expression of viral proteins by adipocytes was confirmed using a fusion test. The presence of viral DNA was exhibited by gag-specific polymerase chain reaction, supporting the hypothesis of HIV-1 X4-and R5-virus entry in preadipocytes. Adipose cells represent the first cell type that does not belong to the immune system expressing all specific HIV receptors and may represent new HIV-1 target cells.
inflammatory cytokines, including interferon-γ, IL-1,and IL-6 transforming growth factor β (TGF-β), and chemokines are also secreted by adipose cells (2) . Recent studies have demonstrated some functional links between adipocytes and cells of the monocyte/macrophage lineage (5) . Indeed, monocytes and adipose cells share to some extent common phenotype characteristics. As an example, preadipocytes and adipocytes express the monocyte/macrophage marker MOMA-2, but not Mac-1 or F4/80, and preadipocytes show phagocytic activity (5) .
The major HIV-1 target cells are CD4-positive T lymphocytes and cells from monocyte and macrophage lineages (6) . The first receptor for HIV-1 entry into target cells is the CD4 receptor (6) . In addition, expression of the chemokine coreceptors CXCR4 and CCR5 is essential for in vivo entry of X4 and R5 viral strains, respectively (6) . We have recently demonstrated that human adipocytes, as immune cells, express a variety of chemokine receptors, including the HIV coreceptors CCR2b and CCR5 (7) . The presence of these two HIV coreceptors raises the question of the potential ability of this cell type to be target cells for the virus.
In this paper, we describe the expression of CD4, CXCR4, and CCR5 either by human adipose cells or by an immortalized human adipose cell line, PAZ6 (8) . For the first time, immunohistochemical studies have allowed for in vivo detection of the three receptors in sections of human adipose tissue. Our results suggest that preadipocytes could be infected in vitro by two HIV-1 X4 strains and to a lesser extent by R5 strains. However, the low levels of virus production measured may also be associated with passive capture of virus particles. Taken together, these results suggest that adipose cells may act as an HIV-susceptible cell type.
MATERIALS AND METHODS

Preparation and culture of preadipocytes and cell lines
Subcutaneous human adipose tissues from either abdominal or mammary deposits were collected from surgical aesthetic waste. The ten different donors included in this study presented no major metabolic disorders and were sero-negative for HIV-1. Adipose depots were cut and digested with 2 mg/ml collagenase A (Roche) and 20 mg/ml bovine serum albumin (BSA) for 1.5 h at 37°C. After filtration preadipocytes were isolated by centrifugation (800 g, 10 min), red cells were lysed in a buffer containing 154 mM NH 4 Cl, 10 mM KHCO 3 , and 0.1 mM EDTA. Primary preadipocytes and the immortalized human brown adipocyte cell line PAZ6 were cultured and differentiated as previously described (8) .
HeLaLTRLacZCD4 (P4.2) indicator cell lines have been previously described (9) and were a gift from Dr. M. Alizon (ICGM, Paris). The CD4-positive human T-cell line, CEM, was a gift from Dr. F. Barre (Institut Pasteur, Paris).
Semiquantitative reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA was extracted from human primary adipocytes by using Trizol reagent (Life Technologies), and cDNA was synthesized from 1 µg treated RNA with or without (to verify the absence of contaminating DNA) MoMLV virus RT (Life Technologies) according to the manufacturer's protocol. Cyclophilin mARN was used as an internal control to standardize the amount of cDNA in each sample. PCR amplifications were performed in the exponential phase (cycle number) using 400 ng of gene-specific primers for CCR5, CXCR4, CD4, and leptin cDNAs, allowing for a semiquantitative analysis of mRNA levels. Sequences of the primers used in semiquantitative RT-PCR  experiments  are  CCR5  sense:  5'TTTTTATTTATGCACAGGGTGGAA3',  antisense:  5'TAAGCCATGTGCACAACTC-TGACTGGG3'; CXCR4 sense: 5TGAAAAGGTGGTCTATGTTGGCG3', antisense:  5TTTAAATCTAG-AAAGCAATAAAAACTGTACAATATTGGTC3'; CD4 sense: 5'CTTCTGGTGCTGCAACTGGC3', antisense: 5TACTACCAGGGGGGCTCTCC3'; leptin sense: 5'GCTGTGCCCATCCAAAAAGT3', antisense: 5'ACTGCCAGTGTCTGGTCCAT3'; cyclophilin sense: 5'AGCACTGGAGA-GAAAGGATT3', antisense: 5'GGAGGGAACAAGGAAAACAT3'.
Immunocytochemical analysis
Human preadipocytes were plated in Lab-Tek chamber slides (Nunc) and differentiated in vitro as previously described (8) . Chemokine receptor expression was achieved by fixation of cells in 4% paraformaldehyde and quenching in 0.1 M glycine/phosphate-buffered saline (PBS). Cells were then treated with 3% hydrogen peroxide and were blocked with PBS containing a 1:75 dilution of species-matched normal sera (Vector Biolabs). This was followed by incubation overnight at 4°C with monoclonal antibody (mAb) against CXCR4 and CCR5 (1:300, R&D Systems) or with polyclonal antibodies against CD4 (AIDS Research and Reference Reagent Program, 1:300). A biotinylated secondary antibody (Vector Biolabs, 1:300) was then added for 30 min. Peroxidase activity was then visualized by the ABC method (10) . Cells were viewed on a light microscope (Nikon-microphot-FXA).
Immunohistochemical analysis
Human adipose tissue was fixed O/N in 4% paraformaldehyde in PBS at 4°C; samples were then dehydrated and paraffin-embedded. Sections of 3 µm were either stained with hematoxylin and eosin or processed for immunohistochemistry. This was performed according to the ABC method (10) . Dewaxed sections were treated with 3% hydrogen peroxidase in water and incubated with the specific antibodies previously described. Sections were then incubated with 1:200 diluted biotinylated species-matched secondary Ab (Vector Biolabs). Peroxidase activity was revealed after 5 min of incubation with the specific substrate following the manufacturer's instructions (Sigma Aldrich). Sections were couterstained with hematoxylin, dehydrated, and viewed with a light microscope (Nikon-microphot-FXA).
Viral strains and infection experiments
The HIV-1 X4 laboratory-adapted NDK (11) and NL43 (12) strains were propagated on CEM or MT4 cells. R5 primary virus strains were amplified on human-activated peripheral blood mononuclear cells (PBMCs). We used viral preparation of primary strains Mitch, AMI, VEN, and THI (a gift from Dr. Henin, Aventis, Ivry, France). Acute viral productions were titrated by monitoring the p24 antigen production (NEN).
From 5.10 5 to 10 6 preadipocytes were infected, as indicated in the legend of Figure 3 . After 24 h, cells were trypsinized and dispatched in six-well plates for further experiments. Monitoring of p24 antigen production was then performed. Specific CXCR4 ligand SDF1α (100 nM, R&D Systems) was preincubated 10 min before the addition of viruses and maintained throughout the infection. Analysis of gp120 protein expression was performed by fusion assay as previously described (9) . Photographs were taken with a microscope (Nikon Diaphot) at magnification of 40 ×.
Genomic DNA from HIV-1-infected or mock-infected preadipocytes and adipocytes was extracted using QiaAmp Blood kit (Qiagen). Specific oligonucleotides (400 ng) (sense: 5'ACATTTGATATGGGCAAGCAGG3', antisense: 5'TGCACTGGATGTAATCTGTCCC3', 400 ng) for the HIV-1 gag region were used to perform PCR amplifications.
RESULTS
Expression of HIV receptors on adipocytes
To investigate the presence of HIV-1 receptors, we differentiated in vitro highly purified primary cultures of human white preadipocytes or PAZ6 cells into mature adipocytes as previously described (8) . Differentiation of adipose cells was confirmed by the selective expression of leptin mRNA detected by semiquantitative RT-PCR ( Fig. 1 ) and triglyceride accumulation in intracellular fat droplets labeled with OilRed (data not shown) (8) . Both preadipocytes and differentiated adipocytes were evaluated for the expression of CD4, CCR5, and CXCR4 mRNA ( Fig. 1 ). Preadipocytes expressed low levels of CCR5 mRNA, whereas its expression increased following differentiation (Fig. 1 ). The expression of CXCR4 was high in preadipocytes and remained at the same level after in vitro differentiation (Fig. 1 ). In contrast, CD4 mRNA levels tended to decrease following differentiation (Fig. 1) . We confirmed these results with the PAZ6 cells, which have been shown previously to maintain characteristics of adipose cells after differentiation in culture (8) . They showed a similar pattern of CCR5 and CXCR4 expression. However, CD4 mRNA expression increased rather than decreased following differentiation (Fig.  1) . These results confirmed expression of CD4, CCR5, and CXCR4 receptors in human adipose cells. However, these experiments revealed that variations of mRNA levels could be observed, depending on cell culture status, independently of the anatomical origin of the biopsy or of the donor (n = 17, data not shown).
In addition, immunocytochemical analysis demonstrated cell surface expression of CD4, CCR5, and CXCR4 not only by preadipocytes but also by differentiated adipose cells containing fat droplets ( Fig. 2A) . Furthermore, the protein expression of CD4, CCR5, and CXCR4 was revealed by immunohistochemistry studies in human adipose tissue sections (Fig. 2B) . The specificity of the CD4, CCR5, and CXCR4 staining was tested in sections of nonlymphoid tissues such as human liver and skeletal muscle. No staining was observed on these two human tissues (data not shown). Taken together, these data show that all necessary receptors required for HIV-1 entry are expressed on the cell surface of adipocytes.
Adipose cells as an HIV target cell type
Because adipose cells express the receptors required for HIV-1 infection (6), we investigated whether cultured preadipocytes supported HIV-1 infection. Viral replication was investigated by following the release of p24 viral antigen in supernatant of cell culture. Primary preadipocytes were exposed for 5-18 h either with the laboratory-adapted HIV-1 NDK (X4) (11) or NL43 (X4) (12) or primary VEN, Mitch, THI, or AMI HIV-1 R5 strains.
Analysis of viral output
Preadipocytes were exposed to different amounts of X4 HIV-1 for 5-18 h. Early viral output was monitored 24 h after infection by the kinetic measurement of p24 antigen release (Fig. 3A) . Between 24 and 30 h postinfection with NDK and NL43 X4 viruses, p24 antigen could be detected. Aspects of kinetics were similar no matter which viral inputs were used, and levels of p24 antigen correlated with initial viral amounts. These levels progressively increased upon the first 48 h, even though they hardly reached those of viral inputs. This suggested either a weak viral production or a passive release. However, as soon as 48 h postinfection, p24 amounts progressively decreased to reach a low level.
Nevertheless, 5-10 days after infection (depending on the adipose tissue donor), supernatants from X4-infected preadipocytes were added to the CD4-positive human T-cell line CEM (Fig.  3B) . Indeed, coculture of these CEM cells with indicator P4.2 target cells (X4 strain) showed a massive syncitia formation clearly evidenced by an X-gal test. These data demonstrated that efficient infectious viral particles were present in the preadipocytes culture medium 10 days postinfection (Fig. 3B) .
Relationship between receptor expression and viral entry
Inhibition experiments were performed to analyze the relationship between receptor expression and viral entry. The CXCR4-specific ligand SDF1α (100 nM) (13, 14) was added to the cell culture medium 10 min before infection with the HIV-1 NDK. Under these conditions, a strong inhibition of p24 production was observed until days 8 and 10 postinfection. Indeed, p24 antigen production was dosed in culture supernatants of days 8 and 10 postinfection with values of 145±2 pg/ml and 215±5 pg/ml, respectively and 35± 0 pg/ml (76% inhibition) and 48±13 pg/ml (77% inhibition) in the presence of SDF1α (Fig. 3C ). This data suggest that the presence of SDF-1 before infection inhibits the viral entry.
Infection experiments performed using a receptor-negative cell line (U373 MG) did not result in p24 production under the same conditions (data not shown). Infection of human preadipocytes, using primary R5 isolates Mitch, AMI, VEN, and THI strains or the laboratory-adapted R5 NLADA8 (a gift from Dr. C. Petit, Dept Maladies Infectieuses, Paris), did not result in detectable virus production (data not shown) even though additional analysis uncovered viral presence.
Analysis of viral DNA presence
We performed PCR experiments on total DNA 10-15 days after infection and characterized viralspecific DNA. HIV-1-specific DNA sequences could be amplified using gag-specific primers in both X4-and R5-infected preadipocytes and PAZ6 cells (Fig. 4A) . We systematically controlled our viral input preparations to demonstrate the lack of detectable viral DNA in infectious stocks, and no DNA amplification was detected in viral preparations used for cell infections (data not shown). Complementary inhibition experiments were done using the CXCR4-specific ligand SDF1 and/or the RT inhibitor AZT before incubation with the virus. PCR analysis, using gagspecific primers, revealed that the amplification yields were strongly diminished upon preincubation in the presence of HIV entry or RT inhibitors (data not shown). These results strongly suggest HIV-1 X4 and R5 entry and retro-transcription of viral RNA.
Analysis of viral Env protein expression
HIV-1 env expression was evaluated by a fusion assay between HIV-1-infected human adipose cells and the P4.2 (X4 strain) or P5 (R5 strain) target cell lines at day 5 and day 10 postinfection. Syncytia formation was clearly evidenced by an X-Gal test and revealed that NDK and NL43-or HIV-1 VEN-infected preadipocytes expressed Env protein, allowing fusion between susceptible and indicator cells. Depending on the donor, the number of syncytia ranged between 1 and 5 to >100 (data not shown). As expected, incubation of target cells with mock-infected preadipocytes did not induce specific fusion (Fig. 4B and data not shown) .
Taken together, these results strongly indicate entry of X4 or R5 strains in preadipocytes as suggested by specific viral DNA presence. Moreover, entry with the X4 HIV-1 strains would be dependent on the use of the CXCR4 receptor and preadipocytes may also be able to capture and release viral particles.
DISCUSSION
Expression of HIV-1 receptors
Semiquantitative RT-PCR experiments clearly demonstrated that preadipocytes and adipocytes expressed mRNA of the receptors necessary to allow HIV-1 entry. The PAZ6 cell line showed a similar pattern of CCR5 and CXCR4 expression, although CD4 mRNA expression increased rather than decreased following differentiation (Fig. 1) . PAZ cells are characterized as brown fat cells, whereas preadipocytes are isolated from white adipose depots. This might reflect differences in CD4, CXCR4, and CCR5 expression between these tissues from different origins. Moreover, variations of mRNA levels could be observed, depending on cell culture status, independently of the anatomical origin of the biopsy or of the donor (n=17, data not shown) Nevertheless, the expression pattern of CD4, CXCR4, and CCR5 differed between preadipocytes and mature adipocytes (Fig. 1) . These changes may reflect a fine autocrine-paracrine regulation of receptor expression by soluble factors secreted along differentiation (2) . As an example, TNF-α, among other mediators, is secreted by preadipocytes and modulates expression of CXCR4 and CCR5 in various cell types (15, 16) .
Immunocytochemical analysis clearly showed expression of CD4, CXCR4, and CCR5 proteins on fully mature adipocytes containing fat droplets ( Fig. 2A) . In addition, primary preadipocyte cultures did not contain detectable positive cells expressing the Mac-1 macrophage marker, precluding the possibility of detection of receptor expression by contaminating macrophages or monocytes (data not shown), as previously reported (17) . Furthermore, the fact that we obtained similar results by using the immortalized adipose cell line PAZ6 allows us to consider that the expression of the three receptors in primary culture was not due to the presence of CD4-positive contaminating cell types (CD4-lymphocytes or macrophages). Immunohistochemical detection of the three receptors on sections of human confirmed their in vivo expression on adipose cells (Fig.  2B) .
Adipocytes as HIV-1 target cells?
Three lines of evidence showed that preadipocytes might be susceptible to infection by HIV-1. First, the time-dependent increase of p24 antigen measurement 24 h postinfection suggested a viral production (Fig. 3A) . Because the NDK isolate is very infectious and can infect many cells with or without CD4 (9), we also used the classical B clade isolate NL43 (12) . Results obtained with this isolate (Fig. 3A) supported the relevance of our results and suggested that infection of adipose cells by X4 viruses occurred in vitro and that the low but significant viral production or release detected could indicate an infectious replication process.
Second, because no amplification was obtained on viral input preparations (data not shown), the characterization of viral DNA in infected cells by PCR amplifications sustained the hypothesis of a retro-transcription of viral RNA (Fig. 4A) . Indeed, the presence of viral-specific DNA 10-15 days after exposure to the virus constitutes by itself evidence of viral entry. This statement is supported by the expression of fusion-competent Env and Tat proteins by adipose cells (Fig. 4B) . However, evidence of viral integration and expression must be further investigated to demonstrate completion of virus cycle.
Third, efficient infection of the susceptible CEM cell line 10-15 days after exposure of preadipocyte with the virus demonstrated the presence of infectious particles in infected preadipocyte supernatants (Fig. 3B) and suggested the completion of the viral cycle in these cells. Moreover, inhibition of p24 antigen production when infection test was carried out after SDF-1 incubation supported the hypothesis that the X4 NDK strain used CXCR4 coreceptor to enter preadipocytes (Fig. 3C) .
Are adipose cells infected?
Infection experiments clearly revealed a low and increasing early p24 production (Fig. 3A) . The amounts obtained hardly reached those of viral inputs and raised the question of an efficient infection of preadipocytes. Moreover, during the time-court experiment, no evidence of cytopathic effect could be observed in host-infected cells. Indeed, our results may reflect a low efficiency of infection and/or a low efficiency of viral replication compared with either lymphocytic or monocytic cells. In this context, it has been recently shown that adipocytes and preadipocytes display macrophage-like characteristics (5) and monocytes/macrophages do not allow efficient entry of X4 strains, although they express both CXCR4 and CD4 (18, 19) . Nevertheless, R5 viruses infect monocyte/macrophage lineage efficiently (20, 21) , which was clearly not observed with adipocytes or preadipocytes, stressing the differences between the two cell types.
In summary, viral production yields obtained after exposure of preadipocytes to high viral inputs did not clearly demonstrate the occurrence of an efficient viral production. We cannot exclude the hypothesis of a release of particles as a consequence of virus uptake as previously shown for dendritic cells (22, 23) . Moreover, the fusion efficiencies observed after cocultures of infected preadipocytes with indicator cells may also be associated to a "fusion-from-without" mechanism (24), thus accounting for the low number of blue syncytia. Nonetheless, even though p24 production, infection of CEM cells, and fusion experiments could sustain the hypothesis of a dendritic cell-like and/or "fusion-from-without" behavior, characterization of specific viral DNA 10-15 days after infection of preadipocytes implied that viral entry occurred (Fig. 4A) .
Furthermore, Both passive uptake of viral particle and low infection efficiency mechanisms may not be exclusive. Work is in progress to investigate this hypothesis. Finally, adipose cells represent the first cell type that does not belong to the immune system (T CD4-lymphocytes and cells from the myelo-monocytic lineage), expressing all specific HIV receptors, and that may be susceptible either to be weakly infected or to capture viral particles. ) for 18 h, washed, trypsinized, and seeded to performed p24 antigen production. Culture supernatants were collected from 24 to 72 h postinfection, as indicated. These results are representative of five independent experiments. B) Ten days after infection, the presence of infectious viral particles was assessed by infection of CEM CD4-positive human T-cell line with filtrated supernatants from noninfected preadipocytes (N), HIV-1-infected PAZ6 cells (PAZ6), and infected primary adipocytes (hWAT). Env and Tat expression was assessed by a fusion assay after coculture between CEM-infected cells and P4.2 indicator cells revealed 24 h later by an in situ X-Gal test. Magnification 100×. These results are representative of seven independent experiments. C) SDF-1 (100 nM) was added (hatched bars) or not (black bars) to the cell medium 10 min before infection with NDK (10 ng/mL/5.10 5 cells) for 18 h. Cells were then washed, trypsinized, and seeded. p24 antigen production was dosed in culture supernatants days 8 and 10 postinfection, with values of 145±2 pg/mL and 215±5 pg/mL, respectively (black bars) and 35±10 pg/mL (76% inhibition) and 48±13 pg/mL (77% inhibition), respectively (hatched bars). These results are representative of two independent experiments. 
